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HhETIO SSBAVIOR OF NATAL LUCA GES 


ty 
Apthur J. Soyle, Liestenaent, U. 9. Davy 
Kerman 4. Strouberg, Jr., Lieutansat (j.¢.), U. 3. Yovy 


Sabattted to the Cevarteant of 
Sevel Srekitectare and Marine jegzineerisg 
Any 84, 1954 
iz pertial fulfilimeat at’ the requivencate for the 
degrees of caval ‘ngineer 


Yne object of tais theale ia to tuvestigqnte the reported 
exietence of abnorasil eluctia «affects in wetel intarfaces. 


In gensral twe sevarate eethode of inwestigation were 
conceived sand used, The first excloyedt evlindrien s:ecimens 
with trunested comics. snde visced Wetween flat eurfaces. The 
aseond, davieed te sliiminste aay possible alastiotty sentribtated 
by the Tlet eurfneesn beyond the area cf contact, eeployed two 
identical smasiear ssecinens placed end on and. 


There wee goed correlation betwaan the two rethoda since 
both predeead exesssive aiestio angles of twiat. Further, 
the following unusacd resulte were chserved. Aa the norm) 
atroes wie increseed in the interferes, the amcunt of excess 
twiet for « given torque increased with the degree of surface 
Tinieh catil s transition renge waa trenthed after with ax. 
enes twist increasesd with the rougnnege of tae surfeee, 


40 is contiauded that these effects are caused by the 
aaperities acting sa unatilevers. This effera an explanstion 
for the effect of sormal streas end surface finisr on the 
elsatic angies of twist teat is in agrasment with the exper. 


im View of the shove, it is reeosmended that further 
gtudice be aide neing metals of different chysiesl eberece 
teristias. 


Thesia inpervieer: 2renden J. Zightuire 
Faitlears Aganeciate “refescsor of 
“esenaniea! in¢ginaeertag 
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Neagsachusetts institute of Tea:nology 
Combriége 39, Sasnaachucatts 
May 24, 1954 


Professor iL. F. Samilten 
Secretary of the Faculty 
Heesnchusetts Inetitnte of Techislor 
Cambridge 39, ‘mecacaurettr 
Dear olre 

Im secordance with the regulations of the faculty, ve 
eavnit herewith a thesie antitled =astic Behavior of Fetal 
interfaces in pertial fulfilinent of tae requirements for 
the degree of eaval Engineer. 


Respect lf wliy, 


; Artar J. Onyle 
. Lheatenant, J. 3. Nevy 
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Nerasz A, troaders, Jr. 
Ldeutenant (j.g.), Ul. 5. Savy 
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peracnnel of the ivdrication Lehoratory for their interest 
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his encouragenent, advies, and seundlesa patienna; and te 
Frofesser i. i. Feng, Seetor 5. Kabdinewter, Ar. James 
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J EPR OIETIES 


ALtaeugh such infermation ie available concerniag the elastic 
benavior of balk setals, data on the eleetia Dehavier of astal 
interfaces ia outstanding oy ifs absence. 

in a paper ‘1), tomlineon, Thorpe, und Gough reported ob- 
serving deflection between two aatal rings when subjected to n 
known torgue far in excess of that pradicted by theory and the 
ex@ese wee creater taan could be aceounted for by sxzperiaental 
error. Cinse this chenowenon waa not directly cenuseted with the 
obvjective of their work 4¢ wae met investigated further. so hot 
of wneurtatety was aggociated wits thie report since the deflection 
was sneogured by means of the sama arm wita whieh the torque was 
applied. It wos peasible that the excessive defleetion reported 
could nave been exnusad ty bending of the torque are. Jonethelenus, 
the repert of this phencnenon wae enfficiently enticing te isvite 
further inveetigation. 

Sowden and Tader (2) now thet the ectasl ares of contact 
velweea ewe surfaces in different from the apparent. Tate differenes 
in owased by the asperitias ta be found on all surfaces. 

Nerriag and Galt (3) have shown that very email metal srecie 
aene (i.e., satal whiskare) ean telerste auch larger strains with- 
out slip then the telk xetal. 

imaenockh 48 the volume of an seperity ie emell, it is considered 
goesible that, like the setel whiskers, ite elastic limit is Aigh. A 


study of the literetere did set revenl any investigation of this 
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possibility otner tram the report by Tonlineon, Thorpe, and 
Geugh mentioned in the second paregraph. Te us this acened to 
oresent a challenge that wes interesting, provecative, nnd 
stimalating. 
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Since two experimental srracgesents were ueed fa trie work, 


™. 
=~ 


it would be best to praesent taese echeass saperately. 

The firat sehote employed 19 illustrated by Figure XIX in 
which tho solid steel apecinens teated wars machined froa 3A7 
1040 cold rolled etael stock. Tha ends of moat of the spect~ 
mens were Develed to fora truneated cores whieh recueed the 
centnct surfnces and theredy iucressed Sia norms] stress in thea 
interfaces. The contact eurfaces were lacped te the desired 
finieh with emery welishing paper ef varying degrees of rough. 
nets. Tae trecimena ware Tiraly held in a vee-trype block during 
She lsoping process to make tho test surfaces perpendicular te 
the epecimen axis. The quality of the surface finish was checked 
mieroseopieally using & mecrifiestion of 168. 

Shen the desired finish was oadtnained, the average diuneter, 
a, ant. sovel height, L , {Figure XX) were peceured by a aicro~ 
acere equipped with xn optic vernier permitting eccurracy tu with 
in 00007 of on inch. The eade of the eveclaens were made fdeatical 
with regnect to dimensione and surfece finish. 

She next etep wae to locate the torene lever sxactiy at tie 
midpoint ef tha epeciaes te inewre that one half the anplied 
torque would net on exch interface. This wes accomplished by 
aeaguring the overr}] Length anc using wn depth gage in positioning 
the lever which pernitted eceurcey to the ceurest 002 inch. 


Tae indleator era wes then fastened on the apeciuan with four 
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set screva ag that the plane of the set screws and Santa, tha 
indicater, was pervendicoiler te the apecinen axie. The vet 
screws used ware pointed to obtain a imife edga lime from wnich 
the twist wae tranesttted. “he sereva were Slee barely tightened 
by hand to redness the indanteticna to sare pin cotate,. | 
*1t0 $he positioning colisr resting an tha tergue lever, the 
Gontuct surfaces of the soecinen am4 ierdened plates were clanned 
with solvent. The eneoimen war theo plaent on the lower piste in 
the Kiehle testing weehine. The upper plete, which vas Bolted te 
the mevedle head of tae testing cneaine, weet then lowered to a 
reins tlightiy sbeve the epceimen. The vertical wae ther chacked 
by inserting a fealer guga between the potiticaing collar and the 
upper plate. An e#1al leed of one hundred sounds was then spplied 
to suehor the specimen daring the final adfusteents to the ayparatus,. 
Vimoliy the fricbioeniess ypulleya vere located so that the 
eilk tarands, ~nich tranemtt force to the torque lever, wore 
perpendianlar to the lever in the vertiesr!] and Sorlrestal planes. 
For each ran oO% & Enecimen & cenateat normal load was applied 
by che testing sechina. ‘Terque was caxt applied to the syecinen 
by addisg egual veighte to the pane and the resulting tvist read. 
After eneh rending of twiut, the tergue wae resevead to see if the 
indicator returned te the vero pesition. Ineresaging toreuas were 
aopliad until the indiester failed $a raturn ts zero whieh showed 
tans blip or veruansat cefornstion oceurred in the interface ending 


the run. Yao nore] lead wee tucreased Sefere arch of the suceneding 
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rune om the eame exncimen until sufficient data was ebdtrined. 

Twist was read By aensuring the metion of the tndicator 
are under a siorcecore equipped with an entis vernier. he 
indicator wha double-ended to avoid any saasibility of an un- 
balancing momant. The first indicator ara used was seven inches 
Leng and the magnification of the sicrostope wes eucs that one 
scale unit of tae optic vernier represezted .001 inch of indieator 
BOVenent. 

After conmpletion of ai} rune on & sreciaen, the apyeratus 
was dismantled and the dimension £ was memeured with the mleroe 
acope which sernitted accuraey te within .Q0007 of an ineh 

A namber of specimens vera tested using this echeme; Acie 
ever, an uncertainty existed as to how much twiat, if any, could 
ve attributed to the hardened eteel rlate. Vonsequently achese 
two wae deviced to eliminate this unknown facter. 

The second scheme eaployed is illustrated in Figure “11, 
in watch the tubular steal specisens tested were machined frem 
DhE 1080 cold rolled ateck. The specisene had an outer diam ter 
of 1/4 inch, an inner diameter of 5/32 iach, and e length of one 
inch. Two gpecinens «ith the save surface finish were mounted 
end om, and 2 rod with s dimmeter slightiy less than the inner 
dianeter of the annuli was threaded through the moepnratue ne 
aheyn in MMgure AY. The upper ond of the red wae threaded inate 
® aireular dise which reeted om top of tae uprer specisen, the 


lower end axtendad for some dietance below the speeinmans and 
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previded a aeane for attaching weigkts to furnish the sores) 
Lond. 

Ywo 7-1/2" doubdle-ended indicator arme were used, on on 
either side of the tnterfses. As before they were attacned by 
pointed eet screwe ond the distance between then mongured alcro= 
ecopieally after each ran. The onda cf the arae were tent sz 
shown to facilitate resding the sicroseope., Seflectiona were 
obtained by resding the angle between the arse when no torque 
wae #pplied aud than resding the angle after the torque had 
bean applied. A eimple subtraetion gave the deflection. Ag 
before, a2 check vag mode after ench arpligation of a torqus to 
aee tet the arus returned to their initie] satbing. 

Torque, were applied in the gece matmer se in the first 
method. 

Am additional advantage sbtained by use of this method war 
that it pernitted the use of a centro] specimen. Chie coneieted 
at weing & single two inch evecimen while holding sil ether 
conditions the same ae they were for the rans involving two one 
fuch srecinens. The sffact of the interfsee could thus be dew 
terained by comparing the rams on the contro] srecinen with the 
runes on the other s ecinens. 

The obesrved deflection was compared with the computed de- 
flection as predicted by eleetic theory. In all cases the ob- 
anerved was greater than the compated. This excess observed dee 
fTlestion which we snall seresfter rafer to se residuzl deflection 
was nlotted against the comouted saximne tangential strese in the 


interface. 
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the resalte of this invesbiention are shown ian 


Figures I =| XVillea, inclusive. 
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Residual Twist (Mia. of Arc) 
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AISMISSIIE OF weseLTS 


Path is Teas on Sneclesas 3.2 12 


these teste ware, on a qualitative basis, earprisingly 
egaaizstent. Figures i to < show $hat on al] wepecinens where 
more than one run wae maida, the regidual twist for a given 
maxious tangential streas decreased a¢ the normal etress ine 
ereased. “hie ia further eudstantiated by Figures XV and ivi. 
Tisure AVY ghevs the results for two specimens wita the sexe 
surface finish (1,0), one eoecinen being beveled at the ends nad 
the otner webevaied. Figure AVi compares four snecinens paving 
sm 4/0 Tinisa. Toese figures sow tae sense effeet of sorunl strese. 

Figures XVii endAIIesA show tae effect wien surface finieh 
is varied widlie nereal stress is anintainad constant. Figure 
o¥il gompares taree differant Siaissea at approximately the 
base norms] strese (70,006 pei). it is seen shat, for a given 
volue of naximum tangential stresa, tie residual twist varies 
vita the rouglnese (1.e., the reughar the eurfsce, tha greater 
the residasl twdets. Figure .¥iliea, which compares two speeinens 
with eurface finishes ef 4/6 and 1.0 at a low norma] strena, 
(approximately 24,500 pei), suowe that the reeidunl twist in- 
cremees with tee surface saootiness. 

if the abeva results are #alid, there should be some value 
of sorasl sctrese at whieh tae resideal twist for a given anxinaz 


tangential stresa for beth 4/0 and 1.0 finiah are the anne. This 
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is Berne out by comparing the curve in Figure IVY for specinen 
#10, surface finish 1.0, Sum 4, noreal stress 46,9809 ned with 
curves in Figure XVI for specisen #3, surface finish 4/0, Hune 
l and 2 with normal stresses: of 44,600 ond 52,100 nai reapec- 
tively. This comarison shows thet there is 2 trougition range 
for normal strese in which the effeet of surface finish on 
residue) twiet reverses (i.@., saooth finishes give more twist 
then the rough finishes below this ranwe ond lees twist above it). 
In evaluating cur results geome information ween the accuracy 
of the readings is in order. Ome seale unit of the optic vernier 
in the microscope eyepiece renresentr 0.490 minutes of twist for 
the firet six specizens and 0.457 sinutes for the succeeding 
specimens. ‘The retgon fer the difference is thot a 7-1/2 inch 
indicator arn was substituted for the original 7.0 inek indicator. 
Hoadings were estimated to the raarest tenth of « scale unit. 
This allowed an accursey of plus or minus one tenth scale unit 


or 0.049) and 0.046 ainutas of twist rearectively. 


ce 


oy 


Tart f-. Tests on tpeeiunns 12 = 14. 

Comparing ¢igures LIT tarengh AIV, it is noted that the 
results for theee runs vere act ae coneictnnt as those in Fart 1. 
Figure All does not shev the residual twist decreasing with in 
creasing normal stress a8 was obsearved in Fart 1. Figures Kili 
and SITY show this trend only siigntly. 


Figure AVill which compares the affects of surface finien for 
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a normal stress of 21,830 psi ahows that the 4/0 fiaiah gives 
more residunl twist than the 1.0 finish for any given saxioun 
tangential strean. This is in accord with the resulte in Part 1, 
ag shown in Figure XVITIAA, 

Ag tn Part 1, a brief explanation of the securacy of the 
readiages will be helpfal in evalusting these resulte. 

In thie series of tegts, as noted in the Freeedure, two 
indicator ares ware used. For ono arm the sacumey of reading 
wet plus or ainue ene tenth scale unit. Tor two earns, therefore, 
our eeouracy wae decreased to pluae or zlnus twe tenths of « 
scale unit. ‘This seane our readings of twist are accurate to 
emily plus or minus 0.092 mimutes ef twiet. Thus, in Figures 
£11 thromgh ALY the acecursay ef the compariaon is the aun of the 
aeeursey of each curve or in other verde the comparison can be 
accurate to only plus or minus 0.184 ofnttes af residual twist. 
This poesible range of errer is euch greater thea any of the 
obveerved differences show: im the curves, hence it ie felt that 
thie data cennot validly be need to determines the effect of 
normal eatrase on residanl twist. “inisight is sedaittedly setter 
than foresight. it would have been better to anve used A auch 
wider range of noraal loads. fowever, sur anparstas would not 
pormit this and time ifeltations prevented sesexbling sew apparatus. 
Another solution weuld be the use of a more -qwerful alcroseope 
with a finer optie vernier seale. 

Figure AVIII is net rendered tuvelid by the above liaits on 
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the securacy of the readings since for the larger velues of 
maxigue tangential stroaes the difference in residual twist due 
te eurfane finieh te greater than 9.194 minutes of residual 


twist and hence, theese reeulte are walid for cuslitetive ansiyeis. 


fart 2. Authere’ Theory on Yesidun] Twist ty interfaces 


The regalts of this werk clearly show thet as¢sl interfaces 
de exhibit elastic bBebavior. The following exrlanation is offered. 

it is well known that all setsal eurfaces regardless of the 
degree of surface finish sre covered with aenll lrregularitias 
ecalied asperitieos. Theee will vary with the degree of surface 
finish from jagged peaka to rolling downs. it te believed that 
tisee asvoritias act as cantilevers. 

The celeulations in Appendix © show that if the asperitias 
are sagumed to act as bulk catal, then te account fer the residual 
twiet would require an seperity height whieh ie much too large. 
Nowever, if. the anperities are aggumed to oe cantilevers, sn 
aeperity hedght can de caloulated that 40 of tha sere order of 
uaemitude cs that weasured by m prefilemeter. 

Yurther, the centilevaer theory offera an exrlenation for the 
trensition range meationed earlier in Part 1. 

Bowden nnd Taber (4) ptste that the “real contact area® is 
Gireetly proportional to tas normal lead and is independent of 
surface finish. It is known that the number of aaverities will 


incresse and the ngight will decrease with the degras of surface 
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finieh. Tserefore, for any normal load, 8 smoother surface finiah 
will have more asperitios in contact, but the naperity height 
will be leas than that for the rougher surface, 

The height of asperity alco depends upon the usraal lead 
eines the tirs ef the asnerities will flow plastically to 
eecomedate this lond. There ie a limit to this plastic flow in 
the asperities, smporently, for Jowdeo end Tabdcr (4) show 
phetographieslly (Pieate 11) that even when the noreal load is 
great enough to cause the bulk metel to flow plastieally, the 
seperities retain their identity. 

Tras, the twist for a civen maxinun tangential stress is 
dependent on the number of aeperitios and the normal lead, since 
this lead affects the asperity height. for low norss] stresres, 
apperantiy the wmasber of cantilevers offaete tno effect of the 
shorter height in smeoth aurfaces as shown in Yigures AVLII and 
XVIlied, Aa the norsal ctrase is increased and the lisit of 
piaetic flow “te recehed tn the agperities, the meen 4ifferential 
becouss the controlling factor offecting twist so that the asnerities 
on the sucother surface display leee twiet toan those on rougher 


* surfaces. 
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ig concluded that: 


The asperities in steel interfaces contribute materially 

to the elastic twist. 

The elastic twist dus to an interface, for a given 

value of moximum tangential stress, decreases with 
norma 

increasing, stress. 

The effect of surface finich is most interestingly 

affected by normal stress in that ea trensition renge 

exists for normel stress. Below this range the smoother 

finish gives the greater elastic twist, whereas above 

this rangs, the rougher finisk gives the greater twist. 

All the above effects are exvlsined if the asperities 


are considered to déehave as cantilevers. 


It is recommended that: 


l. 


Re 


Se 


Further investigations be made of the transition range 
for degrees of surface finish other than 1.0 and 4/0. 
Annular specimens be tested over a greater range of 
normal stresses. 


Metale of different physical characteristics be studied. 





Oe ee ed 
= F 7 Wedd Adbatses ot f1 A 
vibe soias wena brncem wemtnednt lara uh Haiicmeene a? «uf 
.aetus @baneds aod 0 

_tvrty & sak senetuemt me ss sath keene wiitente wit o 
"Atte sanmezend ceeonte Lattoagans eumtowe Ye oan 
= aves gcvberrani 
‘eEgstimervndnt tenn at delet? wowtune be teal oil 
pte okt tenet 4 badd At newts Lemmne we Neier The 
sei¥cced wid sagen tad woleE anes Cnanen Tet stelee 
race sewtate ,futel attnece vatrony ott eerty deters 
eae 
deittnee sat 3 banosiger om wtnerin wens wt i 3 

wemeLitone se owes of bacaksqun ote 














“ : t—t bebueeeoey or th Ae 
a ar 
ANA hee CL emt watido daged. easter We peewind to% 

he apect sadepce @ new oateet of punoioess Wiaame .F 
,eweeests lawnat 
Bethute of enttetiadeetain imateghe firewettis We alate oF 











3a 


DETALLES OF spaces 


As in the evetion on frecedare, tie diseugsion will de 
separated into two parte torressending to tha two exnerizental 
metioda aved. 

In the first, precties) considerations yrevented Locstion 
of the indieator ara exectly ot the interface. Consequently 
the meseured twist conelsted of two reartes 1, that contributed 
by the isuterfeces 4, thet centriboted by twiet of the arecinen 
between the interface end the encle indleator. 

Einee the angle indieater wag attacked te the sneciaen by 
pointed get seronws, the distence between 1% and the interface 
could be detersined with an high degree ef eecirecy. ewever, 
to determine the twiet of the avecimen renuiread deriving on 
exprereion fer computing the teist in thet cart of the speciaen 
thet wes bevelled. The derivation te given below. 

Nefer to Pigare 2h. Conattar « plane perpendicular te the 
axis of eveeiaen intersecting the specimen ot % distance *x5 
fro the interfecs. The sheer stroce exieting in this intar 


section le zivan by (4) 


Shear atrese = or ~tt. oO (z) 


G = modulus of slagstielty in shear (for oar svecinen {} - 12 x 10° 


pounds per eguare inch). oa ec @ngle of twist per unit length. 


Congideritnug an element eof area, dé 
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The moment of the shenring ferce about the aria of the specimen 
for this elesent of arem ia Orda 

Tre total moment about the axie of the specimen sust ecnal 
the effective torque in the specimen. Aa explsined in the 
Preeedure, the effective torque equale one half the applied 


torques. Therefore, 


- 
(3) 
t= 1/2 . a { oven 
Sabatituting equations (1) and (2) into eeuation (3) 
r 
MS 
t= fare ~2t. 5? ag (4) 


a any given plane perpendicular to the axis of the apec~ 
db/ax 
imea, is inderendent of r. Therefore equation (4) can be integrated. 





2-7 o-tt x4 (5) 
Rearrancing gives 
~ “ t, dx a 
x gad é 
T ort 


It is evident in Figure XX that r ia related to x by 


rer + SOF “ = + kz (7) 


tT) ™@ radius at xe O (f.0., m = 4/2). 


0 
R om radius atxe 2 (4.0., Re B/2). 


Subetituting equation (7) inte equation (6) 
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rquation (8) can be integrated for the angle of twist over 


the length hy 








L fl 
7, ax % arc 7)? : 
f, = { « ry ae Tolr+ kx)4 “3T@e (2) ~(xo+0k) (9) 


thie ean be simplified by substituting 


= 42 





ti" a/2 


Rn « b/2 


Performing this sudstitution gives 


3 3 
je Se [ b°- ar J (10) 


thie can be expressed more conveniently for our purposes by making 


the folloving substitutions 


% « twist in ainatea = {sole 


2.900 
Q, 7 applied torme in grameinchas 2208 t, 
@ © 12 210° 10/12" 


This gives 


Ye = MONON) 5 oy BEE, ed [ases® = ayor® | 


or, fy = 6.360 2107” (1/k) 5 (a/d)® ayo)? % (12) 
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The twist in the epacimen between x = ( and xol (1.@., 
between the upper end of the bevel and the indicator arm) can be 


easily calculated (4). 


$2 T / 
+e ee : 


This can be expressed in the anme convenient form as equation (11) 


/ 


A = 3.205 x 107° A q, (13) 


Thue the total twist in the trecimen between the interface 


and the indicator ara is 


yy x ¥, ty (Mm. of Arc) (14) 


The total twist as computed above is subtracted from the ob- 
served twist to obtain what we have called “residual twist" 


and designated ve e 


Y= ¥ -% (18) 


With the annulQ@¢f specimens, it wae vossidle to use a control 
specimen a¢ deverthed in tho crocedure. Thie peraitted us to cdtain 
a value for twist per gram isch of torque per inch of srscizen 
length under actual experimentol conditions. For subsequent rune 
it was possible to compare the observed twist with whet the twist 
would have denn if there bad been no interface. As vefcre the 


difference was called "residual twist". 


pat) “Nee sae 3 we meet eine ait nt Seder at 
1 se (neve Ontmnich sat fone Sieve ate Vb Ae yee acl comet 
oo FT pepe cuminn ‘items 


Mai 7 ; a 


ee ae oe 





PenDeniad anv aewwted Momsen ent cl Tale Cone wd Set 
— fA NS AK) 4 = ® 
ketenes ps oa 
Stnbed avatnes? Sable west ow Pamly miter nf Betws 
| pV eee eer 





“_ Ym 
ore & wae oo bltheeoy om 80 eepndnede NEKIE aur Gbiy 
es “f 
ae ee 
Piven =? .iiiet Eeiemes tm ete copnl 
Ralet Cll tats Who Cale honesis ai qanpe> + <i¢iaER pm 28 
le its eh eeecent ak et Bena YP met eevee lve 
at. * pehlne oew comrewPale 








Pec '°L140N | 


vey $62M F 
\/ a ree \/ 


[ \ 7 > a7 


Aang serwuolprds 


Salada 2490 
“IM Wor sOsmp 


: a) fear 79 


PNT 9) 
buivolj{ Roz 


at 
“PPOT TET ION 





. DIAIWIE SV7F7O* MINOLTA 
ONY ILRI YT FIP 








-—— 


| (37S QL LON) Dug - JuIa¥>6 
snygeseddy bulgs2f 2204444] 


XIX by 






| 





— SS ee ais 


Fig. XX a 
Nomenclafure Used /a | 
Computations (From £7. XIX) 


= 





4 


. Binge 


Angle Indic ofan k ~QG 


Fasfened in a 

This plane wily / 

Po: SCH SCEWS P OD 
£ We 


tL _Mnterfice Tes ted 
Xx F } dr —_— 4 
? a 


! | Lower Mote 





Fig XXT 
Inter face Testing Apparatus 


Scheme —- Two (Not fo Stok} 





(S= Sith Thread 





a Microscope 
ak : = {Huy iT i a 
| 


Friction/less Upper Specimen 
Polley 









Interface 


en) ae 
a EE... > Gn ea 


Hn Lower Inoicator | 
—_—— 


Lower Specimen 


™ 


HET si Li gl. Machined Plate 


~| Norm! Load Weigh t Fen 
re 


Norma! Load 











L7E°T 602° 


622°T oto*z 
€7c°t T98°T 
€z6° 89S°T 
958° tert 
9€L° G2e°T 
Lt9° o€o°T 
S7S° 288°O 
9° LE9°O 
SOC° 067°9 
“Daacere A, 
ooc = Ny 


893°9 
TsZ°O 
etL°o 
$79°9 
$9S°9 
637°9 
€C7°9 
LEE°O 
T9z°9 
$8T°O 


o€eT 
O€9T 
6S7T 
$3eT 
O€TT 
8E6 
$9L 
£6¢ 
8T7 


98°S7L 
93° S89 


93°S29 
98° S9S 
98°S9S 
98°S77 
98° S3t 
IB" Sze 
98°S92 
93° G92 
gars 7et 


Moy 


TU # MEAL IIS 


O/7 tysTUTy esasm> 


Vy g3°e 


% gn0t * OT9°S 


7 ae 
Wero=e Axa 
Vy gu 0 X 69°T 

he HW 

Vy gal X 692°T 

Vy Sy gO Gaze 
} 

009° 

O67°9 

960° 29 

000° nd 

G @ §2ZT°29 


a J 


5 


&-« 
“) 


he} 
a 


PREP ESR EAE «, 


VUVEPTELER 


2h@GRRagat 4 


PEE EEEREE EE 


nm @ ee ee See 


3 
iw 
AE 
: 


me 
i 
é 
% x 


< 
Fe: 
fs 





e 


q 


O/Z r4BTUT, edarcns 


2? Vy | Ra 
Ny 
%» €°6 = ts 
_ O€°6TS £2 « 4, 


OLZ° e7s°z €95°9 0057 e3°3S7 


AL a CG mn y, 

O96°T asr7*z 067°0 QT6E 7€° B6E aAn- a” A 
Y e = 2 

vrovt = gore TOs te AWOKE 4 

tts SLO°T L9¢°O ovtz 98° LIZ V>, ct Geert = 4, 

$99° 72aL°O 6LT°0 ZE7T 93a°S7Tt Yr Uf « Ly 

uy o, » m L., Yy 900°:.9 = Of 
yi, . @ q - 

osutes = Ay He? D)} p-Ot HENS 4 

mat « 9 3 o6r°0 = 4 

LLe i 030°.0 ®@ iD 

67080°.0 = p 

e7zt°ud = € 

67089°.d = P 


@ # NBAIICdIS 


PEER? “h As 


TREDER = Le 
PELERR « 


‘ 





Ghee 4 
(| TREREGE. 





79L° zs" 
— _ 
Lz° alort 
te? 276° 
sec° 139 
ove” 967° 
‘ “Ap 
goztss = Ms 
oo = “a 


961° 
"59° 
ZGs° 
ts7° 
S7C° 
ote? 


QtL7 
BOT 


WBE 
gLTe 
TST 


98°S0S 
93°S77 
98° S8t 
98° SZ 
98° S92 
98°S02 
ga°S7t 


7 2 NBA VEdS 


‘ple - J | pnt 


of/7 sysTurs sougtAs 
Pty os 
eB 
ay 
% useat = “Ss 
. t= mel x orTg9* S$ 2 
5 067°2 = A* i” oy 
ee x £469°T * 
+ 4 a 4 
Vy =! x oc7°t = 
Vy ae OT % SOe°e = ¥ 
2 ¢a9 or = L£oe°C * 
= 4, 
a = id 
BEIT? aD 2,0 
ZEL00° 2D * 8] 


Gzreud FU 
TS0° nd = P 








fs 


BEEPER Me 
A, ; 
VE GREE «, 





‘> 


*»% 








6 See 


069°T oee°€ 
oBB° O8° 2 
ong UOT 
goss aL? 
B7e° &29°T 
uy o 
oot'zs = Ms 
ose = Ms 
ef GAY 


o€6* 9S7°2 
6TL° (096° T 
$05°* OL7°T 
662° 086° 5 
uy O74 
o3y'ry = Ny 
oc = Ny 
t# Rad 


098°T 
OzS°T 
Tyve°T 
296° 
te9° 


O/Y = YSPUTY soup) 


ey on 
-< S 
%y z°0t = 4g 
Pp 
yf x e - i 
fy cae0t * OT9"S S 
ai - O 
th ok we y 
96°S77 - uy D 
n "72 5s £X 8 CG 
ose 9-98" Sek - A B 
D got x 119°7 = 4 
Ozee 98°SZE 
OLLZ 98°59 wr A= 4 
Vp. —— 
ootz 86. ga* Sor » galt © ESO i, 
—= % a ot x sore = ,% 
L ¥ 
§ 5 ¥ —_ 
D Of = os9°€ = 
YT 2, . 2? x = 
le (| yao * DENG a 
Tc aro = a 
910° ud © sD 
ZEtt*s0 = F 
GZ20°«0 * 
230° .9 = P 


€ # ReNTVdS 








9ze°T TsO°Ee 
B9T°L TYL°Z 
OtTo°t Tov°z 
708° 600°2 
c6L° = €TS°T 
9€9°_ OL7°T 
oge*  6z0°T 
Ooze’ VBL" 
yp mr 
oog‘€g = Vs 
cle = Na 
C FN ou 


7e7°t + S8T°e 
99¢°T z27B°2 
090°T oas7°z 
TS6° —_- 9ST°S? 
T6g° TI6°T 
969° OL?*T 
Os€* 6z0°T 
ove’ 386 7BL" 
% 
O0€ EL ="g 
Ose = “i 
CRNA U 


860°T €0E°z 
168° T66°T 
969° = OL7°T 
Ose’ 6z0°T 
OZE°  T78L° 
% “ch 
o08‘*z9 = “s 
Qo0ge = “I 


t# NAY 


T9L°T 
9LS°T 
06¢°T 
S0e°T 
ozo" T 
7€3° 
679° 
797° 


7629 
cE9S 
6967 
LO€7 


T862 
6TE? 
9S9T 


09 
OLS 
OTS 
0S7 


g syspuyy eovsms 





2° 7b _ 
Ny 5 
Y» zrott = Us 
dQ) a & 
fe g~0t ¥ 089 G=“s 
fF, O67°0 = Sx a= y 
V. ® ~ = 
e.0l * 60's = A+ F= + 
Vy cu0T ¥ OZO"T = 
V. 4a e = 
0 7 got * oz € IY, 
‘b-_0t Xx OLO°? = 
Val cd, . ,P am - 
10 {0 | ore ears Uh 
O67°0 = i 
9LL0° 10 = iJ 
€950°u0 = 
G2t°n0 = 
9LL0° 410 = P 


raais 
oon. = 2 
avo 
ORE. ber. 
One. Gis 
af3. Wht 
ger. Stat 
A0B. 00.8 
Of2.f£ fQ).8 
@al.£ AAT.S 
aRt.f [60.€ 


Sha Ut 
O2¢ = uf 
O9€, £0 «5 
ON 
=. sr 
oes. OFF 
im. ie.c 
rey, ati. 
OS5.£  GBA.s 
O65.5 #6.% 
aaat eet 


£h BUA 
nm, 5 
on 

Sst. as. 
Oe. 920.1 
eed. OFA.L 
a. 8 ert 
pro, Oe.t 











EaPRRR EE 4 
BSS eReEaZRB « 





avvo."0 = b 
RSL." = 
maea, "0 = 2 

derieo = 12 

ORA.0 = a 


dg “g) aan. 


: 
grr € .< « 

pe wexmuee ¥ 
gf Sor © om. - 

eran « W0.€ = ir x - y 

Nweanoe Var & 

& “of x OMe = 2 

gh SAOALE © ot 


sie 


Q seetalt seetwt 


i 


- om Tg0°T 8 eyere 
713° OS7°z 7Le° OS7°Z 
6T9° 690° Stg° GOz°z 
209° €te°t $$L° 096°T 
OSy° = OL7°T g7s° 995°T 
té6e° Sze°T 697 £zE°T 
Zee° tEs° oee° 620°T 
Tet? 3 =—s_-aS° 22° 7a" 
ip) 7) %s Is 
ooz*stt ="5 o00*Sor ="s 
O06 = “E 
a7 Fay 





6LT°T =: OFH°T 640°C 3s OG SZ 
Teo°r 0s Lz O30°T 959°% 
eters EES 296° SSE°z 
902° TI6°T SSL° a96°T 
L5S° LT9°T S69° ss GTLPT 
S€s° ZLe°T 9£9° OLY*T 
Oet* 620°T OBe° 629°T 
d07*t6 = “sg ooe*te = “s 
os7 = “a ov= “Eg 
oy Tad VF Tia 


(penuyzQUoOD) $ f NaN Is 


T92°T 
9L5°T 
Ose°T 
s0z°t 
ozort 
ves" 
679° 
yor" 
“h 


oE9 
OLS 
OTS 
067 


OEE 
ote 


OST 
¥p 








EEREOR EP Ep! 
UERER EEE * 





At JELELER ES 
| ) - DEM Ey, , 


28H 0KE RS 





Lez*t | e7aez 
BL0°T OS7°S 
L396° 9S T°2 
Loe’ —s«éE Te’ T 
975° = Te7°T 
ig?’ LETT 
9lE° ces 

mm 
oosttL = “Ws 
sue = NY 
7# NAY 


BL4O°T 8 3S7°2 
gté° Lorre 
Los® = €te*t 
LT3° OL7° T 
St7° 340°T 
Let° 7eL° 
% 
oo9*et = Ns 
ose = My 
€?# an x 


196° eST°z 
wos’ ¢ta°t 
LT9° —(« OL°T 
eer e40°T 
., 
as7tig = Xe 
see = Ng 
of NAY 


PeUTYIBM! Sv ImWTLPs SouzMs 


ey = Ko 
655°T 7965 OTS Ny 
Rs ona 5 
——  ehErt «ages = (SY os 
GTE’L 667°% «GBT°T «nS? =: GE s cot x 019° = L 
756° 296°T 900°T BS8E d€€ sooros Yxge % 
Lye (OLY cea STE = , 
“) TSO°E = 7 + je = 4 
gcv* SLOT a9" SEZ COT 
g a 
we? YL’ «LST? SLT OST 7 gf > ot 
% ~ 
a, o, a iL, > TP cot * sare J 


‘> -ot x €zorz = 


Var cin o (PP % - 
* lee ot | sarmasees A 
o67°0 = d 
€340°ud @ iD 
2959°s10 = 
$cT°u0 = 
€849°.0 = DP 


9 # NZiIoeds 


' 
id Ht 
pe 
it 
Bier i 
MEE 


rf 
12203 « 


a 
Ay 
‘d = iR- 
Serr 
Pi RS 


* 
REAGES 
5 








f. 
HATE 
a% 





gs) 


T60°t 877°? 
TE6" €oc*2 
Tee -096°T 
675° ZLE°T 
giz’ SEL* 
" 0 
a Ah 
oa0%sat © “5 
szeg Ng 


TIT e SF WH FWY LPT 


936° 
JzB" 
BSL° 
83S° 


2GE°2 

699° Z 

79L°T ~— 

Tz7°t 265° tz7°T 

7Z0°T Lsv* s2eT°T 

Tal° Lzt° = BL? 
0 Y ) 
ia. ah 

ost?7% © “Ms 


="; wr = “Ny 


tt9® _ LT9°T 
$7S5° ZLE°Tt 
st7° 6 gsZo0°T 
ost 2£9° 
u 3 
th A 
on€e*t6 © Ms 
oyy = Ny 


YET LBO°E 

stl vez 

6zorl starz 

eS LOE’Z 

SSL° 79L°T 

- 36S° t27°t 

Ley? azt°t Ley? Lz 
6zz*9n9° = eze* sR 
By Of Oe 
ooz‘az= “s. oootes = "Ns 
cv = “so ® Me 


(penupyuos) 9 § MGAl ids 





BEL°T 
$3S°T 
eLe*t 
6Rt°t 
990°T 
e238" 
79° 
LS7° 


oe 


Oe9 
OLS 
ots 
057 





ARDEALBE « 


UBRERGEL? = 
PERRIS RE x 


EPLEREEL 4 


SS3EQSRARE « 





=~ wf «7% oo few tw fee 


ebalicfptir gy al i Bad 








ree Fe (ere) 
- ime. | ap 


mW 


oa «= Ezz 
965° 796°T 
ovs® LEL°T 
237° sss BOS°T 
6z7*ase*T 
| 0 
A 1h) 
ooato, = Be 
og = Ny 


zzort |= S¥eee 
et6* Ob *z 
Sts*  -:989° 
SSL° 897° Z 
oun = 6Ez*z 
tss* 6 T6°T 
avs’  LEL*T 
97° 0s ag7°T 
Szev* OBe*T 
a vy, O7 
oonteg = Ms 
osy = Ng 





Ls = BBL*Z 
97L° = G8z°Z 
Ses° epee 
Sz? ase*T 
1, OY 
ong'9s = Xs 

ooy = My 


cree 
250°2 
Tes°t 
OUL°T 
6€S°T 
£9e°t 
Lh6U°T 
9z0°T 
SS8° 


LA, 


0z7 
O6€ 
oo 
OEE 
or€ 
OLE 
ove 


ote 
Jat 
OST 


%y 


# 


L # NSMIIIS 


€f QsTUTZ evwzms 
"» g9se9 = Xs 


eP * 
54 uGro~e sp xa = 


4, 
a 
¥ °*6 # a L 
> ¢.0T * 09L°s H+ eu & 
“> ¢.0% ¥ oze'y = 
%, ¥ se 
> uy cat ¥ Sore = 1% 


“> ¢.0t x 06°90 © 


¥, a Dp 4 
LP > | are ones * TA 


L$7°9 © @ 
S6SE°uD * 4 
OL7D° «Dd = 

G2U°sd * 
6760° 210 = P 


DESMEBEERT bs 


rEAEERERER & +4 
i ee z 











: 





PL EU ELEx ad . 
PEERGEMRRS 8G 
PRERRARRYS 


PARARAEG Rea 





‘ 
.€ 





J 


ily i 








> 


b 
Fy 


(edad yxeu UO ponuzzuos) 


72° FSGPE 
LTL° = GH T°E 
LE9°) = « SBLPS 
tris Tee°s? 
sst° 0s FLEPT 
7OE° Os BVT 
BLT° $00°T 
up 
00069 = "co 
og = Nz 
& F wow 


— oe 


ORb° cole 
733° 9ce°'e 
Btl° Gite 
coy9° Cer’ 
9L7° G96°T 
9SE°—s- B0S°T 
gute: $00°T 
% 
oor'ss = “Ns 
oor = “a 
oF waa 


879° BY7*e 
QLY* §—S9EPT 
OS" 297k 
eLt*  $00°T 
» % 
gorfay = “Ws 
ose = Ny 

t a Hh @ 


tte°2 
Care 
tSt°2? 
Oce°T 
7°T 
BSC°T 
Lz2° 


OLS 
ots 
067 
oe 
Jee 
OLe 
ote 
IST 


"y 


Ht 
f ° 


8 # MONT WAS 


O°T %48PUTs SdujIMSE 


2P fy 

a 

¥y gost’9 

e cu0 ¥ OL9"s 


Sh ms7°0 = tea 


a Ne 


= *s 


e to 


4 


¥ °6 « 2 / 
6) gt X GTS°S De oy A 


‘> ,.0t x on8°7 
v, ¥ ™ 
> DS 4.0 = sozre 


“> ¢_O © STL°O 


tt ct poe x joe's 


LS7°9 
G99E° ad 
GOTES° 4D 
620° ud 
8959° 49 


4 
SS 


S Bete 


FARR RW A of i 
LPreeErs — 


zt 





eve LELST 
€tz° tLe°T 
SLT° 609°T 
“ % 
oos*vet = §s 

0m = “tg 

2? wou 


7LE° 76T°2 
£62° eee°Tt 
692° LU7*T 
BLT° §09°T 
w % 
oo6fott = Me 
og = My 
oF Whe 


$7S° 969° 
S97 Sze 
S3t° 7L2°T 
6$e° LUTV°T 
@LT° — $00°T 
“ % 
oottes = Bs 
og = a 
oF ine 


tZ9° 
$6S° 
$97° 
6€¢° 
6S2° 
BLT° 


“A 


ogre 
€St°e 
969°2 
GB8z°Z 
gtaet 
LU7°T 
G99°T 


" Reo = as 





(penuyqu09) ¢ ff NaXTIUdS 


€te°z 
weve 
TST°2 
Oee*t 
687°T 
BST°T 
Lee° 


“4 


OLS 
OLS 
057 
O5€ 
IEE 


ot 
OST 


¥y 





aR F822 = ky 
EELELERSGce 
PEOPLES? = 


$7 ERTEAy 
AROATTE ES 








9zt°t 8€7°S 
am aus? 
rel? 959" 
cos emire 
~ aze°t 
aor Me 
u, 0, 
anata = Ws 
goog = By 





96E°T 86€°9 
Feet Tres - 
CLUE°T 32—s 7ET*S 
ag0°t zor 
e76° so S°? 
9€g° ss CT"? 
vel? 99° 
zig’ GHTCE 
o0s° avez 
a 
quz* ss eee T 
ttz° St7°L 
poor 096" 
uy 
oonteg = My 
asy = ‘y 


oLL° 9TO°e 
OLS? gore 
L9E° «OLS T 
79T° = TLE*T 
€7T° $09°T 
hh OD 
00g%67 = My 

ose = Xx 

c a R 4 


230°S 
LS9°7 
ele’? 
LOS°E 
cegre 
LLe°e 


2E6°% 


L99°2 
Ces 
S62°T 
25S°T 
L02°T 
zg92° 


Yh 


STLS 
TzEs 
LZ6Y 
€€$7 
TET? 
S7LE 
OSEE 
9662 
2992 
29TZ 
WIT 
orev 
$36 


3&6 


ote 
O64 
069 
0€9 
OLS 
ots 
aS7 


O€e 
OLe 
8) Ke 
Ost 


6 # WENT Jad 


O/Y %tYySTUTy e2¥zF.m> 


é 


5h LGTO = Spx a 


& gal * OT9°S 
5 


y _ 
> 0 * 69L°S 4 I 
Ys gaol * 09L°7 

%, #2 — 
d Zp gl ¥ Soxre 


Vy cu0k ¥ 626°0 


¥% 1 7, — ,P x 
| | a) a 


4$7°O 
629E° 43 
TE70° ud 
62T* sD 
§769° 2d 


etc 


“A 
i, 


Ls 


~ 


ce OS expend i, 


FYE; RIBAS «= ps 

EVA ELE ELF ee ce 

APRREREPRABAT say 

‘amapeesiier > tek 

AREER x in 

list oeee 
BERRETERERERF 


GERSESARRR AEE 4 
QS BRR ESEEAADEM ~ 











~~ 






} 
i 





ES 
? 
. 


= 


= 
af diet 


: 
£ 
aid 
, ef 


: » * 
a «a kvenm oS 





| 


n~ 
4 
f 
>» % 


x. 
: 
E 
* 
os 
. 
HE 


a 


(efed yxou Uo penayzu09) 


YL? 702"7 
we art 
> ote 
— oe 
rw 
or ae 
‘a ah 
oostoy = Ny 
og = Ay 
tF @nig 


€€s° O7s°7 
V7L° 3=6 782°7 
953° €69°¢ 
€t9° = TSE 
7es° = EST°ES 
og7* 86 ece°e 
Es7* = 659°C 
G6E° 3s FGT°Z 
CSE° — ss FLT 
eoe° ss FSS°T 
$9e°_ VEr"T 
zez? YG" 
4 
oogtec = Bs 
oy = "3 
a 


697° ttre 
66€° $79°T 
TUe* ogert 
zéz° 2s 76" 
4% 
anstye = Ms 
oe = Bg 


TS6°S 
L6E°S 
772°? 
042°7 
€TI°7 
LEL°€ 
o97°C 
Este 
906°2 
629° 
€GE°C 
910°C 
¥SL°T 
ZeS°T 
97E"T 


OTEE 
9TOE 
TL92 
6572 
L2€z 
Sz 
es6c 
Ost 
LEST 
S97T 
e621 
G2tt 


€09 
te? 


0477 
062T 
OLTT 
950T 
0&6 
O42 
ote 
Osh 
069 
O€9 
OLS 
ots 
OS7 
OSE 
oe 


ote 
OST 


OU # Weell wads 


O° ryBsTUT, seezans 
ee /y | a 

Ky 
"» ezegez = hs 


P) 


L 


f° gat X 19°S S 


Lie) 
th LsToe AXE = 


¥ —— « 
d p.0T ¥ CIO = Yr % Ly 


‘> p.0t x €tory = 


¥ oe 
oz gl X GORE =, 
a00°9 = 


as79 = 2 
6T$¢°.9 » iD 
000°.15 = J 
$2T° 10 @ G FP 


go 








| : 

cat 

| fi SEREERERESEI ~ be 
| SO RERRERERRDEE Eat 
: 


RARE :. 
REE a 


SEEGERERGER BLEEP? 


ABREGEGREEERREALE 
PREGSabs 2d aR eae AEE 








a: 


a) a 
Lss° OS — 
td |) 
yeee bee ONLY 
eee gearz tgs 
ese ugozisiezgsa’g 
oom? tRATTCiCSRES LZ 
gers, (TUT )=—e®—s*Z 
Zeo° T69°Tt tit? LU7°T 
soe hk* teresa" 
v7 “ Us 7, 
oortes = Me ocatus = Mg 
oe = “Ny go, = Hy 
oF Tn oy Fi 





{penayzuo)) OT 4 NI4ITYUS 


an 


Tyo 266°9 
T90°T g6£°9 
¢ze° L99°S 
ge2° BSt°s 
059° Lae? 
795° L7L°¢ 
725° Estee 
Zée* Rg7°Z 
£oe° eot°z 
gac° aze°t 
t£t° LU?°T 
BeT° 460°T 
tete €ze° 
“A On, ? 
4 { 
o06%a7 = Bo 
gop @ Ay 
VY? Ta 2 


TS5°S 
LEEPS 
7738°7 
L98°7 
062°7 
€t0°7 
LEL®E 
o9r7°€ 
€atre 
906° 2 
629°2 
€5e°% 
9L0°Z 
V6L°T 
22S°T 
97z°T 
696° 

269° 


SOLE 
9Tee 
9TOE 
773% 
[L92 
6672 
LeEz 
7Stz2 
fsoT 
Ost 
LEQT 
S97T 
€écT 


Oetl 


9LL 
£99 
TE? 


a 
(% 


OL7T 
062T 
OLTT 
OS9T 
6 
OL3 
OB 
OSL 


DE9 
ILS 
ors 
057 
O6E 
0) 43 


fe) 4 
IST 


Al 





: 
ae F 
: Pea aiell 


wetted ij 


LUT LET ENE EA BL PER B i 
bith | panel PLBRRFE =| , 


itt 


ddd Meh S)AIPIRERER » oc 
(PER) PIFIF RISPRRER 


veep WVAVEIEIERNE RE B 

















(~ 


¢(eouszeqyuyT o@ £*0°T) 
Wemptoeds pT[os wv Oj aot} 
~d0T JOP O42 MITA YI puv SEL ZT 
S‘sueupoeds uo sun BT peuyEzqo 
SUCTIIELJoP sq erelwoo 07 

gn seTaquae szeqmmU STL 


*qydue—l Jo youy zed end104 
jo qoujyeuszs zed seqnuyE 


go0t Xx BS7S°T = ee 7Té° 
y= ea 
JO BOT, eT jeop eFssreav €tZ° 
ue seats stm 650L5°.09 8: Ff = 
‘gate JZOZBOT PUT amo ueenzeq 939° _ 
qysuel e173 eouts cenhs04 
JO youyaaivad sed seznupE 275° €05° 
e = 999T e e 
a0 X 694°2 48 ie gE 99E 
peqyeljep veuypoeis TLZ° 622° 
STq} panos sua Yt fTy amity 
Sezep sti Jo qoTd oyy wor té60° LET? 
G, 0 A 
ots'tz = “s egsfor = 8s 
ore = "3 ost = Ny 
Cea THe 


376 
eT? 
LL9 
27S 
997 
TLz 
Set 


Q69T 
096 
OSL 
099 
OS? 


9ST 
¥s, 


% ~? 
(of 7, 9) %, a. 
— t, — oe 


hat 


Ys goge9 & bs 


yanye 


Yp ge et * EET 


h US7°D = 2, 
ha a™ °/ 


LS7°O = 4 


G9L5°s3 = 
Tsz°0 = °c 
tat°9 = Fs 


(Finuay uo simy O73 UeaTIed~ [orZUO)) 


tl # SAAD IS 





| 3; EGBRLE AS 


vi meee ee AAS 





€69°_ LEL°T — 
985° S0S*t LS7° TLE*T 
LE7° OBST OTST) —s VES*T 
777° «=6L60°T = GE —sCéTSOPT 
gve" ope =—isCOE®~—séEzeB® 
vez" 989° sST® BS" 
96T° iS? 6$9° o7e° 
960° 627° 900° ~=—s«s-€T° 


S6€° [646°T 
Toe*  c¢z2E° 
zae° 46 76s° 
ost° tt? 
zgo° €ar’ 

Seztyt & Bs 

zoz e Ny 


T73°T 

716° 

€e4" 

£59° 

zzes° 

» ae 

96T° Lgo7° [92° 

g60° éGee° 8 Tér° 

mm % 4 
e9sfor = “s 
ost = My 


ol ¥ MSA Ms 


73z0T 


ets 
LLO 


997 


S€T 


OseT 


OOzT 
osot OBE peutyour ae 
tysyUTy eowszms 
005 
2  } 
064 (pI “y ©) %, a Me 
09 its 
© 
x7 a 
¥ 7 a OIETZE°T = 4 
Q0€ 
s @ 
OST A LST? 
by = 
‘ eae tf 


“> ¢.0 * O04g°0 = 
‘b F-.0 * sgzs°t = % 
d 


LS7°9 = 
COLG° ad = JF 
TS2°,0 ™ ae 


TLT° nO = ty 


iaate aE RREB 
y eee 





ceiagsit. 
! PUR GARE 





te 


ae 
* 


ZSe* = TLEPT 

GSE°—s-s«dEFT*T 
LSz°* = 7t6* 
zgz* LLL 
9StT° 275° 
a7t* tty 
eso°Os«édE B® 
u, 2%, 

o€e*tz = Be 

ase = Ay 

ig E: i é wd 


ttz* -age° 
srt* or" 
392° %6S° 
260° ooze? 
zgo° ss €et 
% % 
seztyt = My 
zoe = 8 
27 Ta 


O32" 
76° 
ASS 


u 


A) 


es9fot = &s 


oT = 





es 


6TS° 
or I 
LS3° 
$eS° 
%6¢° 
5 
Tete 


f FESAE RS 


€t # NEWT IGIS 





oet O°L sYsTUTS eons; 
GS9T 
F_ o 
> “mn 
_ a 
L 
¥y costo © %s 
a09 
} °o 
2 ¢ =, ¢ 
ow 6] ts ort = 4s 
oae ’ 
ost Sh LS7°9 = 
A) xgqgea 
ts, 4 
¥ig gels LSLa°9 = 
% Geulk ¥ 9Gz6°T = 7, 
" . Ls7°9 = 2 
GEL5°aD = Ff 
TS2*29 = ee 
TL1°29 @ ¥y 


ae ~ pe 


PRERGE % in: 





SEY % da 





ke 
#uaeeak « 
PARAL E « 





6l9° ~—-009°T 
zes° LETT 
6evLé0rT 
gac* ES" 
gec° «TEL 
grt> tt?" 
L462 622° 
| 
ofa'tz « A 
ose = “yz 


229° ORE*T 
6L7° —- GOO°T 
gre> Te 
760° Ls? 
CTT") i VLE 
y» YF 
szute7t « My 
ce = 4%, 
a ae 


eer° 
$Be° 
L&3° 


a 





Te 


3S9° 
7e3° 


€9z° 
“ete 


YU ? Neer 94S 


Wy tWePats eoayame 
> o 

("2 =, u) 

oe Ny x, 
é 


*) €06°9 = Us 


¥. 0. 
Shots ert =f 8 
* L87°O © 
Bae % 


“> cot * zudg"0 © 


¥ — 
2 Lo OL x aszs°T = % 
“s7°9 = J 
67LE°20 = Ff 
(SZ° nd * ae 


CTLU° sd = ¥, 





ERGRGED ~ ‘E 
,haen a RF ‘é oe 
EESPE = Ba 
(PERRET % Fre 

PPR % ee 
GFP % de 


SSRRRER & 
EVGRPRE s 
EUR REAE 


r 


‘ 
* 











2 








- 
E 
+ 


2 


SPFERDIX GF 


cupplemeatary 0iscussior 





SUPPLEMENTARY DISCUSSION 


In the Discussion of Results it wae suggested that the 
residual deflection could be accounted for by assuming the 
asperities to act as cantilevers. The following calculations 
support this theory. 

Piret, neglecting the cantilever effect and assuming the 
aeperities behave as bulk metal leads to a calculated asperity 
height that is mich too large. Yor example, consider a 
specimen of the type used in the first part of the work. 


(4) 


Zquation (8) in Bowden and Tabor fives 





A. x (1) 


A, = real area of contact 
PS, «= load normal to surface 


P,, = mean pressure over area of contact. 


Moreover, the tips of the asperities will deform plastically 
when | 


. * cY 


ec = a constant that depends upon size end shape of 
asperities. For the surface finishes of our specimens, c = 3. 

Y = elastic limit of deformed netel at tip of asperities. 
Here we will aseuse the elartic limit equale the proportional 
limit. Therefore, Y = 60,000 psi for our specimans. 


Substituting p= 3(60,000) = 180,000 pei in equation (1) 
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A. = [90,000 (3) 


From strength of materials, wa have 


BE - Sil crteeneees (4) 


A = apparent srea of contact (1.6., ares of bulk metal 
at surface) 


35 = normal stress. 


From equations (3) and (4) 


A 5 
Rk 6 80,000 (5) 


Asgume the total contact ares, Ay to be a circle of dismeter 


a. 


This assunmptien reeulte in the minimum calenlated saperity 


height*, 


—_—_ => SO =a PO ee Rll Ol EOC Tle lel Ele et eel lee el el ee ee ees 


« 


Consider, instead, that the contact area ig an annulus with 
outside diameter, d,, and inside diameter, dy, and an area 
eyual 40 the real aree of contact 


« a Bs 7 i f 2 
7 4 4, = fa - a) 
It is easily demonetrated from the formulae for twist in a 
shaft that if equal torques ere to couse ecual angles of 
twist, 


2 2 





A. = > wea 
n 


< 2 
(as? + a,”) 


where h is the ueight of « golid cylinder and h, is the 
height of the corresponding annulus. 
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Therefore, 


4 a * S., 
ek € oes (6) 
A a? 180,000 


ad = diameter of tie specinen at the surface. 

The area will increase from A . to A in going from the tips 
of the asperities to the bulk metal at their roots. in the 
section on Procedure, an equation was derived for the twist in 


a cone. Applying this gives 
Y; } wad 3 3 
2. Sez” (a Py lg 
Yr 


%, = the observed residual twist in minutes. It is 
divided by two since there are two surfaces in contact at an 


interface and we are considering the effect for one surface. 


d-d4 


r 
a 
k = aI 


where h is asperity height. 


uy “= the applied torque in gran inches. 
Substitute for k’ in equation (7) 


oY 3 3 
- 4h (5.36 x 107) 


Solving equation (8) for h 
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a ‘ol 

oe Laer eee R 
21.44 x 10" Gy" M 
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0 S 
Yrom equation (6) substitute 3 ” 180, 000 


a 


t * gale (10) 
21,44 x ae: 1.80..000 0 


Based on test data, the following asnerity heights were 
computed using equation (10), to illustrate the orders of 
magnitude obtained when considering the asperities to behave 


as bulk metal. 


Specimen 9, Kun 2. 


d = 0.0949", S t 63,700 vei, Gy = 630 gram inches 


4 = 0.948 minutes, surface finish: 4/0 


3 


h = 6.12% 10° inchee. 


Specimen 1. 


_ @ = 0.125", 8, 
minutes, surfrace finish: 4/0 
h = 7.50 x 107° inches 


= 24,500 psi, 4, = 625.86, Ye = 1.229 


Specimen 8, un l. 


a@= 0.0958, 5, = 69,000 psi, Q, = 330 gram inches 


ii 
Ye = 0.511 minutes, surface finish: 1.0 
h = 7.20 x 107° inches. 


For purposes of comparison asperity heights were measured 


with a profilometer. Yor a 4/0 finish, before applying any normal 
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load, 


h = 6.0 x 107° inches 


When a normal stress of 21,820 vei was applied 


5 


h = 4.5x10 ”° inches. 


When the agperities are considered to act as cantilevers, 
the calculated height is found to be much closer to the mea- 
sured. For the purposes of simplification consider an annular 
specimen such as was ueed in the second part of investigation. 

Starting with equation (3) above, 


F 
A. * Tg0,000 


fhe nunbder of asperities in contect can ve found by 


AéA 
in (11) 


*s 


H = number of asperities in contact 


A, = cress section area of average asperity. 


em, 


Consider the average asperity to be at the mean diameter 





of the annulue. The torque action on thie asperity is i 


and the foree deflecting the asperity is 


Sa 





Fi (12) 
— 2, 
B (>>) 
d, = meen diameter of the annulus. 


She maxinum deflection of a cantilever dus to a load at 


its free end is 
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TEI (13) 


= maximum deflection of cantilever in inches. 
load at free end in pounds 


= Moment of inertia of cross section avout neutral axis. 


~~ = @ Qn, 
i 


= lexgth of cantilever in inches 
= modulus of elasticity in pounds per square ixches. 


Rearranging equation (13) 


ge, BBLS a) 


In this ease the cantilever length, “4 , is equal to the 
asperity height, h, in inches. ‘The deflection, Jf , 1s also 
equal to one-half the residual twist, Fe , ( ain radians) 
times ths mean radius, — - One-half the residual twiet 


was taken since tnere are two surfaces in contact that contri- 


buted to this displacement of 


+ (radians) ad 
d= i a (inches ) (15) 


Assuaing that the asperitios are of square cross section 
with an aree of 25 x 10" cm” and substituting equations: 
(3), (11), (12), and (15) into (14), gives 


s /*n x 
cA 





2 
Loe yy” = 2.67 x 107 (4,)  (imehes)" (16) 


here, qd. = 0.211 inches for the epecimens tested. 


Taking data for Specimen #14, Run 3, as an example, 
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Q, = 900 qm-inches, surface finish = 4/0 


= Z10# “ = 0.582 minutes 


Substituting the above data into equation (16) gives the 


following estimate of asperity height. 


h = 6.02 x 107” inches. 
In contrast, the asperity height ae measured by profilometer 


5 ond 7.6x107° 


and as calculated dy equation (10) are 4.5 x 10° 
inches respectively. 

Ag an additional roint of interest, the maximum bending 
stress can be calculated using the data for specimen 14, fun 3, 


above. 


M 
aero} a7) 


6B = maximum bending stress in a cantilever due to 


load p. 


c = meximum distance from neutral axis = 2.5 x 1074 cm 


for the sssumed asperity. 
Other quantities, ae defined in equation (13). 
Substituting equations (5), (11), and (12) inte eeuation (17) 


and solving, 


OF - 1.97 x 10° psi. 


This is further support to the theory that asperities can 


withstand muuch larger stress than the bulk metal and still re- 


tain elastic properties. 
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Area (square inches). 

Diameter of solid specimens at interface (inches). 
Maximum diameter of solid specimens (inches). 

Inner diameter of annular specimens (inches). 

Outer diameter of annular specimens (inches). 

Young's modulue of elasticity (pounds per square inch). 
Conversion factor to convert angle of twist in scale 
units, & , to ainntes, YW. 

Sorce nermeal to interface (pounds). 

Modulus of rigidity (pounds per scumre inch). 

Length slong solid specimens from r-r, to r= R (inches). 
Length along annular epecinens between indicator arma, 
(inehes). 

angi thang solid srecimens between base of bevel and 
indicator arm. 

Applied torque (gram inches). 

Radius (inehes). 

Badius of solid specimens at interface (inches). 
Maximum radius of solid specimens (inches). 

Normal stress at interface due to Pye 4 equals "Wf 
@ivided by the area of the interface, (psi). 

Maximum tangential stress in interface due to applied 


torque, (psi). 
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Torque applied to specizen (pound inches). 
? 
Iffective torque at interface (peund inches) ~ = 


Shesr strese (pei). 


Amgie of twist (radians) per unit length (inches). 

Total theoretical angle of twist in length -€ .(radiane). 
fotal thecretieal angle of twiet in length L” (rediens). 
Caleulated cerresponding angle cf twist in minutes for 
aanular aececimens if there had been no interface between arme. 
Total theoretical angle of twist in length ©. (minutes). 
Total theoretical angle of twiet in length L (empapate ¥, 
Chaerved angie of twist (minutes). 

Remiduml aagle of twhat or renidual twist (minutes). 
Cdserved angle of twist in seale unite of the optic 
versier. 


f 
Total thearetiesl sengle of twiet in length 4 4 E (minutes). 
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